1RS.1BL translocations are centric translocations formed by misdivision and have been used extensively in wheat breeding. However, the role that the centromere plays in the formation of 1RS.1BL translocations is still unclear. Fluorescence in situ hybridization (FISH) was applied to detect the fine structures of the centromeres in 130 1RS.1BL translocation cultivars. Immuno-FISH, chromatin immunoprecipitation (ChIP)-qPCR and RT-PCR were used to investigate the functions of the hybrid centromeres in 1RS.1BL translocations. New 1R translocations with different centromere structures were created by misdivision and pollen irradiation to elucidate the role that the centromere plays in the formation of 1RS.1BL translocations. We found that all of the 1RS.1BL translocations detected contained hybrid centromeres and that wheat-derived CENH3 bound to both the wheat and rye centromeres in the 1RS.1BL translocation chromosomes. Moreover, a rye centromere-specific retrotransposon was actively transcribed in 1RS.1BL translocations. The frequencies of new 1RS hybrid centromere translocations and group-1 chromosome translocations were higher during 1R misdivision. Our study demonstrates the hybrid nature of the centromere in 1RS.1BL translocations. New 1R translocations with different centromere structures were created to help understand the fusion centromere used for wheat breeding and for use as breeding material for the improvement of wheat.
INTRODUCTION
1RS.1BL translocations are centric translocations in which the short arm of wheat chromosome 1B is replaced by the short arm of rye chromosome 1R. The 1RS.1BL translocations are the most successful example of the use of alien chromosomes in wheat breeding, and these translocations have made immense contributions to wheat production worldwide. One important reason for the great success of 1RS.1BL translocations is the location of several disease resistance genes (leaf, stem, yellow rust and powdery mildew resistance loci) on the 1RS arm (Zeller and Hsam, 1983) . The 1RS.1BL translocations have continued to be widely used in wheat breeding even after the resistance genes became inefficient because the 1RS arm also encodes a locus that affects root biomass (Ehdaie et al., 2003; Waines and Ehdaie, 2005; Waines and Ehdaie, 2007; Sharma et al., 2011) , thus positively affecting yield (Rajaram et al., 1983; Villareal et al., 1998; Waines and Ehdaie, 2005) . However, the 1RS.1BL translocations also confer defects in bread-making quality (Zeller et al., 1982) . A recent survey by Schlegel showed that approximately 30% of wheat cultivars released after the year 2000 carry the 1RS.1BL translocation (http://www.rye-gene-map.de/ rye-introgression/).
1RS.1BL translocations are formed by misdivision and the fusion of the misdivision products. Darlington first suggested that univalents in meiosis have a tendency to misdivide at the centromeres, producing telocentric chromosomes (Darlington, 1939) . In wheat, this process was described by Sears (1952) and was used to generate telocentrics and isochromosomes (Sears and Sears, 1978) . Fusion of the telocentric chromosomes produced by centric misdivision leads to the formation of Robertsonian translocations (Robertson, 1961) , which are very common in various different species (White, 1973; Hamerton et al., 1975; Jones, 1978; Schubert and Rieger, 1985; Lukaszewski, 1993) and are believed to play vital roles in karyotype evolution (Jones, 1978) . In humans, most Robertsonian translocations occur by recombination between homologous sequences on non-homologous chromosomes (Niebuhr, 1972; Daniel and Lam-Po-Tang, 1976; Mattei et al., 1979; Cheung et al., 1990; Gravholt et al., 1992; Wolff and Schwartz, 1992) , especially satellite III DNA sequences (Page et al., 1996; Sullivan et al., 1996) . In wheat-rye translocation chromosomes, centric breakage-fusion can occur at different positions along the centromere (Zhang et al., 2001) .
The centromere is a primary constriction in metaphase chromosomes that plays an important role in the accurate segregation of chromosomes in the processes of mitosis and meiosis. Despite the essential role of the centromere, centromeric DNA sequences have been rapidly evolving, a phenomenon that has been termed the 'centromere paradox' (Henikoff et al., 2001) . The centromeric histone H3 variant (CENP-A in mammals, CENH3 in plants and CID in Drosophila) determines centromere identity epigenetically (Henikoff et al., 2001; Sullivan et al., 2001; Allshire and Karpen, 2008) . Recently, noncoding RNAs transcribed from centromeric regions have been determined to be essential for centromere function (Gent and Dawe, 2012) .
In this study, the centromere structures of 130 1RS.1BL translocation cultivars were analyzed, including the Aurora/Kavkaz-derived 1RS.1BL translocations, whose centromere structure has been studied (Zhang et al., 2001) , and other 1RS.1BL translocations of different origins used in wheat breeding, whose centromere structures have not been studied systematically. Functional and transcriptional analyses of the hybrid centromere have not been reported. The misdivision-fusion between the rye 1R chromosome and different wheat homologous group chromosomes and centromere structure analysis have also not been studied systematically. It has been reported that centromere breaks and fusions can occur at centromeric and pericentromeric regions in wheat-rye translocations (Zhang et al., 2001) . Our results showed that all the tested wheat-rye 1RS.1BL translocation lines that are used for breeding programs have fusion centromeres, and new 1RS.1BL translocations created by monosomic addition line misdivision are also fusion centromeric, although rye and wheat centromeres exist in other translocations. Whether the fusion centromere survives breeding pressure or similar sequences exist between the centromeric region of 1R and 1B chromosomes where recombination is easier cannot be answered currently, but further studies on agronomic performance, gene expression and centromeric sequences will help answer these questions. The new translocations can also be used as breeding materials for the improvement of wheat.
RESULTS

1RS.1BL translocation chromosomes contain hybrid centromeres
To investigate the detailed structures of the centromeres in 1RS.1BL translocation chromosomes, 130 1RS.1BL translocation cultivars of several different origins were collected in our study (Table S1 in the Supporting Information). Early varieties, such as Kavkaz, Lovrin10, Lovrin13, Predgornia2 and Aurora, and their derivative lines are derived from the 1B/1R substitution line Neuzucht, which originates from Petkus rye. Furthermore, in recent years, new 1RS.1BL translocations have been created by crossing wheat and triticale or wheat and rye. For instance, Zhou8425B and its derivative lines were generated by hybridization between hexaploid triticale Guangmai74 and several wheat varieties and Lankao906 and its derivatives were created by crossing hexaploid triticale MZA-LEONDBA-TR and Yumai2. The hybridization of the 1B/1R substitution line Neuzucht, Aifeng3 and Mengxian201 produced Aimengniu VII and its derivatives. In addition, the Chuannong series was produced by crosses between the rye inbred line L155, derived from Petkus rye, and several wheat varieties (Ren et al., 2009) . Fluorescence in situ hybridization (FISH) was applied using the two centromere-specific sequences 6C6 (Zhang et al., 2004) and pAWRC.1 (Francki, 2001 ) as probes. The probe for 6C6, a sequence derived from Aegilops tauschii, hybridizes to the centromeric regions of both wheat and rye, while the probe for pAWRC.1, derived from rye, hybridizes specifically to the centromeric region of rye. Three types of centromere structure can be distinguished with these two probes: the pAWRC.1 signal covers the entire length of the 6C6 signal, indicating that the centromeric region is derived from rye; the pAWRC.1 signal spans part of the region of the 6C6 signal, indicating that the centromere is of hybrid origin and that part of the centromere is derived from rye while part is derived from wheat; and the 6C6 signal extends the whole length of the centromere, with no pAWRC.1 signal detected, meaning that the centromeric region is derived from wheat ( Figure 3b ). All of the 1RS.1BL translocations analyzed contained hybrid centromeres, of which, in these 1RS.1BL translocation chromosomes, the FISH signal of pAWRC.1 covered approximately half the length of the 6C6 signal, indicating that approximately half of the centromere was derived from rye while the other half was derived from wheat (Figure 1a, c) . Sequential genomic in situ hybridization (GISH) using rye genomic DNA as a probe confirmed that pAWRC.1 hybridized specifically to the rye centromere in these translocation chromosomes (Figure 1b,d ).
Both the wheat and rye portions of the centromere are functional in 1RS.1BL translocation chromosomes CENH3 is a specialized histone H3 variant present only in functional centromeres (Henikoff et al., 2001) . To investigate the functions of the hybrid centromeres in 1RS.1BL translocation chromosomes, the CENH3 genes used in 1RS.1BL translocations were examined. Previous work found that the wheat CENH3 genes were localized on the 1AL, 1BL, 1DS and 1DL chromosomes of wheat (Yuan et al., 2015) . The rye aCENH3 gene was cloned by homology cloning using the primers rye aCENH3-F and rye aCENH3-R (Table S5 ). To avoid missing other rye CENH3 genes, the rye aCENH3 gene was used to search the rye expressed sequence tag (EST) database (Khalil et al., 2015) . A second rye CENH3 gene was identified, which was named rye bCENH3. The primers rye aCENH3-DF, rye aCENH3-DR, rye bCENH3-DF and rye bCENH3-DR (Table S5) were designed based on the non-conserved domains between wheat and rye CENH3 genes to identify the rye aCENH3 and bCENH3 genes specifically. Neither the rye aCENH3 nor the bCENH3 gene was present in 1RS, indicating that only the wheat CENH3 genes were used in 1RS.1BL translocations ( Figure S1 ).
Immuno-FISH analysis was conducted using antibodies against wheat CENH3 (Yuan et al., 2015) and the rye-specific centromere sequence pAWRC.1 (Francki, 2001 ). The pAWRC.1 FISH signal in the 1RS.1BL translocation chromosomes covered approximately half the length of the CENH3 signal, indicating that CENH3 binds to both the wheat and rye centromere portions ( Figure 2a ). To further confirm these results, immune-FISH analysis with antibodies against the other wheat centromere-specific proteins ph-H3-Thr3 (Kelly et al., 2010) , ph-H2A-Thr133 (Dong and Han, 2012 ) and ph-H3-Ser10 (Houben et al., 1999) and the rye-specific centromere sequence pAWRC.1 was performed . Only a fraction of the antibody signals co-localized with the pAWRC.1 signal, suggesting that both the wheat and rye portions of the centromere are functional ( Figure 3b ).
The binding of CENH3 to the rye-specific centromere sequence pAWRC.1 was also confirmed by chromatin immunoprecipitation (ChIP)-qPCR. The ChIP experiment was performed using an anti-wheat CENH3 antibody, and the ChIPed DNAs were then used for quantitative PCR analysis. The rye-specific centromere sequence pAWRC.1 was highly enriched in the CENH3 ChIPed DNAs in 1RS.1BL translocations, indicating that the wheat CENH3 can bind to the rye centromere in 1RS.1BL translocations (Figure 3a) . The wheat CENH3 binding to both the wheat and rye centromere portions in 1RS.1BL translocations was further evidence that the DNA sequences cannot fully determine the centromere function.
The rye-specific centromere sequence is actively transcribed in 1RS.1BL translocations
The centromere was previously considered a transcriptionally inert domain of the chromosome. However, increasing evidence shows that not only does the centromeric region actively transcribe but that centromere transcripts are vital for centromere function and genomic stability. To test for the presence of transcripts at the centromeres of the 1RS.1BL translocation chromosomes we used RT-PCR to detect transcripts from the rye-specific centromere sequence pAWRC.1. We were able to detect centromere transcripts of pAWRC.1 in different 1RS.1BL translocations and in wheat-rye addition lines (Figure 4) , demonstrating that the rye centromere-specific retrotransposon was actively transcribed.
New 1R translocations with different centromere structures
Since the centromeres of all the 1RS.1BL translocation chromosomes in the analyzed wheat cultivars are hybrid in nature, we developed new 1R translocations with different centromere structures to understand the fusion centromere used in wheat breeding. New 1R translocations were generated using the misdivision and pollen irradiation methods. We screened 3500 progenies of a 1R monosomic addition line during 2014 and 2015; 100 translocations were obtained as a result of misdivision, and the translocation frequency was 2.86%. New 1R centric translocations with different centromere structures were developed, and the frequency of the 1R hybrid centromere translocations was the highest, at 41.00%. The high frequency of the hybrid centromere translocations may partially explain the hybrid nature of the centromeres in the 1RS.1BL translocation chromosomes. Other centric translocations with centromeres derived from rye and centromeres derived from wheat were also developed, with frequencies of 31.00% and 3.00%, respectively (Table 1 ). In addition, dicentric translocations and translocations with centromere expansion were also acquired, with frequencies of 23.00% and 2.00%, respectively, although these translocated chromosomes could not be transmitted to the next generation stably and thus will either be lost or translocated to other chromosomes in the progeny. The translocations with centromere expansion were probably formed as a result of genome instability caused by misdivision. Among the translocations with different centromere structures, the number of translocations with the wheat centromere was much less than that of the rest of the translocations. In a previous study in wheat, genesis of Robertsonian translocation by misdivision at anaphase I and fusion of the misdivision products in the course of interkinesis of meiosis II was noted (Friebe et al., 2005) . Therefore, it is possible that 1R telocentrics without the centromere region tend to be lost before they translocate to wheat chromosomes.
In addition, we obtained centric translocations by means of pollen irradiation. Among the 1000 progeny of pollen irradiation screened in 2015, 28 whole-arm translocations were acquired, and the frequencies of hybrid, rye and wheat centromeres and dicentromeres in the translocated chromosomes were 25%, 46.43%, 17.86% and 10.71%, respectively ( Figure S2 , Table S2 ).
New translocations in which the 1R arms translocated to different wheat homologous groups
The cytological identification of centric translocation chromosomes was made possible by using two repetitive sequences: pAS1, derived from A. tauschii, and pSC119.2, derived from rye. In total, five 1RS.1BL translocations, two 1RS.1AL and two 1RS.1DL translocations were obtained in the progeny, all with hybrid centromere structures. Translocations in which the 1R arms translocated to the group-1 to group-7 wheat chromosomes were obtained, and the frequency of translocations between the 1R arm and group-1 wheat chromosomes was higher than in the rest of the chromosomes, indicating that translocation of the misdivision products is not random but has some chromosome preference, probably related to homology ( Figure 5 , Tables S3 and S4).
New translocations with different lengths of the 1R chromosome
Using the pollen irradiation method, we were able to generate 1R translocations with different chromosome lengths ( Figure S2 ). The translocations were sorted into whole-arm translocations, heterochromatin translocations, short fragment translocations, long fragment translocations and insertions, with frequencies of 28.44%, 6.42%, 25.69%, 29.36% and 10.09%, respectively. Since the nature of the yield-increasing gene associated with the 1RS translocation in wheat is not clear and is potentially a result of wheat-rye heterosis, these translocations with different lengths of the 1R chromosome will be useful for studying the yield-increasing factor on the 1RS arm. Short fragment translocations can eliminate the defective effects of the rye genome and are more useful for wheat improvement.
DISCUSSION
The FISH detection of the centromere structures in 130 1RS.1BL translocation cultivars of different origin showed that all of the 1RS.1BL translocation chromosomes detected in this study contained hybrid centromeres and that approximately half of the centromere was derived from rye while the other half was derived from wheat ( Figure 1 ). Since centromeres are composed of repeat units and can be divided into smaller units while retaining function 1BL translocation chromosomes have a hybrid centromere structure in which approximately half of the centromere is derived from wheat, while the other half is derived from rye. CENH3 bind to both the rye and wheat centromere portions in 1RS.1BL translocation chromosomes (the left single chromosome). The three possible centromere structures in the 1RS translocation chromosomes are centromeres derived from rye, centromeres derived from wheat and hybrid centromeres (the right three chromosomes). The 1RS.7BL rye centromere is derived from breaks at the pericentromeric regions of the long arms of rye chromosome 1R and wheat chromosome 7B and fusion between the misdivision products of the short arm of rye chromosome 1R and the long arm of wheat chromosome 7B. The 1RS.3AS wheat centromere is derived from breaks at the pericentromeric regions of the short arm of rye chromosome 1R and the long arm of wheat chromosome 3A and fusion between the short arms of rye chromosome 1R and wheat chromosome 3A. The 1RS.5AL hybrid centromere is derived from breaks and fusion between the centromeric regions of the short arm of rye chromosome 1R and the long arm of wheat chromosome 5A. [Colour figure can be viewed at wileyonlinelibrary.com]. The transcription of the rye centromere-specific sequence pAWRC.1 was analyzed in different wheat-rye translocation lines, including the 1RS.1BL translocation lines Longchun23, Jinhe9213 and Zhou8425B, the 6RL.6BS translocation line DH641 and the wheat-rye 1R, 2R and 6R addition lines. Chinese Spring and Thinopyrum elongatum were used as negative controls. Rye cDNA and genomic DNA were used as positive controls. (Steinitz-Sears, 1966; Brown et al., 1994; Lukaszewski, 1994; Kaszas and Birchler, 1996; Platero et al., 1999) , centromere breakage and fusion can occur at several positions along the primary constriction and not affect chromosome segregation during mitosis and meiosis (Zhang et al., 2001) . Thus, the possible centromere structures of the 1RS.1BL translocations should include three types: centromeres derived from rye, centromeres derived from wheat and hybrid centromeres (Figure 3b ). It is interesting that different sources of 1RS.1BL translocations originally had the same types of centromere structure. One possible reason for this observation is that hybrid centromeres may have advantages over other types of centromere structure in surviving wheat breeding selection pressures. Robertsonian translocations are often dicentric, with one centromere inactive (Niebuhr, 1972; Daniel and Lam-PoTang, 1976; Holmquist and Dancis, 1979; Mattei et al., 1979) . Therefore, we detected which part of the hybrid centromere in the 1RS.1BL translocation chromosome is functional. The CENH3s being used in 1RS.1BL translocations are derived from wheat ( Figure S1 ), and the anti-CENH3 antibody could bind to both the wheat and rye centromere portions in 1RS.1BL translocation chromosomes, indicating that the centromere sequences do not have a decisive role in defining centromere identity (Figure 2) .
Centromere transcription can regulate centromere function epigenetically. The complex roles that centromere transcription plays include interaction with centromeric proteins (Topp et al., 2004; Wong et al., 2007; Chueh et al., 2009; Ferri et al., 2009; Du et al., 2010; Renfree et al., 2011; Ideue et al., 2014; Quenet and Dalal, 2014; Rosic et al., 2014) , development and differentiation (Rudert et al., 1995; Pezer and Ugarkovic, 2008; Eymery et al., 2009; Probst et al., 2010) , the regulation of kinase activity (Ferri et al., 2009; Ideue et al., 2014) and the regulation of euchromatic gene expression (Jehan et al., 2007) . We detected centromere transcription from 1RS.1BL translocations. As we expected, a rye-specific centromere sequence was transcribed in the 1RS.1BL translocations (Figure 4) . It is possible that the centromeric transcripts derived from the 1RS.1BL hybrid centromeres regulate centromere function epigenetically and influence the genomic interaction between wheat and rye functional genomics.
To study the role that the centromere plays in the formation of 1RS.1BL translocations, new 1R centric translocations were developed by means of misdivision. The frequencies of hybrid centromere translocations and of translocations in which the 1R arm translocated to the homologous group 1 of wheat were highest among new 1R centric translocations, which to some extent may explain the formation of the 1RS.1BL translocations (Tables 1, S3 and S4). The non-random translocation of the 1R arm to the homologous group 1 of wheat indicated that the centromere sequences between 1R and the homologous group 1 of wheat may share some similarity, thus inducing more centric translocations by homologous recombination.
Further studies of these new 1R translocations with different centromere structures will help us understand the fusion centromere used in wheat breeding. The new 1R translocation will also extend genetic stocks for wheat improvement.
EXPERIMENTAL PROCEDURES Plant materials
The 1RS.1BL translocations analyzed in this study are listed in Table S1 . The 1R monosomic addition lines were produced by backcrossing the Chinese Spring-Imperial 1R disomic addition line to Chinese Spring wheat. New 1R translocations were created by 1R monosomic addition line misdivision and fusion of the misdivided 1R chromosomes to wheat chromosomes. New 1R translocation lines were also created by pollen irradiation. The flowering spikes of the Chinese Spring-Imperial 1R addition line were irradiated with 60 Co c-rays at a dose of 15 Gy. The irradiated spikes were used as pollen donors in crosses with bread wheat. The progenies were screened by GISH to identify translocations between wheat and 1R chromosomes.
FISH and GISH analyses
Metaphase chromosomes for FISH and GISH analyses were prepared as described by Han et al. (2006) . The genomic DNAs of rye, the rye-specific centromeric sequence of the pAWRC.1 clone (Francki, 2001) , the centromeric retrotransposon of wheat (CRW) clone 6C6 (Zhang et al., 2004) , Aegilops squarrosa clone pAs1 (Rayburn and Gill, 1986) and rye clone pSc119.2 (Bedbrook et al., 1980) were used as probes. The probes were labeled using the nick translation method (Han et al., 2006) . To detect the detailed structure of the wheat-rye translocation centromeres, the genomic DNAs of rye and of the rye-specific centromeric repeat pAWRC.1 were labeled with Alexa Fluor-488-5-dUTP (Invitrogen, http://www.invitrogen.c om/). 6C6 was labeled with Texas red-5-dCTP (Invitrogen). FISH in metaphase cells was performed as previously described (Han et al., 2006) . Images were taken using an epifluorescence Olympus BX61 microscope (http://www.olympus-ims.com/) and were processed with Photoshop CS 5.0 (Adobe, http://www.adobe.com/).
Multicolor (mc)-FISH with two repetitive sequences (pAs1 and pSc119.2) was used to identify the chromosome components of the 1R translocations. Clone pAs1 was labeled with Texas red-5-dCTP (Invitrogen). Clone pSc119.2 was labeled with Fluor-488-5-dUTP (Invitrogen). The images were taken as described above.
Immuno-FISH analysis
Immuno-FISH analysis for mitosis was performed as previously described (Han et al., 2009) . The anti-CENH3 (Yuan et al., 2015) and anti-ph-H2A-Thr-133 antibodies (Dong and Han, 2012) have previously been described. The monoclonal rabbit antibodies against ph-H3-Ser-10 (04-817) and ph-H3-Thr3 (04-746) were obtained from Millipore (https://www.merckmillipore.com/CN/zh). The images were taken as described above.
ChIP-qPCR
ChIP was performed as previously described (Nagaki et al., 2003) . Approximately 20 g of fresh leaf tissue of Chinese Spring and the 1RS.1BL translocation line Zhou8425B was prepared for CENH3-ChIP (anti-CENH3 antibody used as described above). The ChIPed DNA was amplified with 200 nM of pAWRC.1-qF and pAWRC.1-qR primers (Table S5 ) in a 20-ll reaction using SYBR Green PCR Master Mix (Roche, http://www.roche.com/) on a Roche 480 LightCycler real-time PCR system. Calculations and statistical analyses were performed as previously described (Livak and Schmittgen, 2001 ).
Transcriptional analysis of 1RS.1BL translocations
Total RNA was extracted using TRIZOL reagent (Invitrogen), and the DNA was removed using DNase I (New England BioLabs, https://www.neb.com/). Complementary DNA was synthesized using Moloney Murine Leukemia Virus Reverse Transcriptase (Promega, http://www.promega.com/). RT-PCR was performed using the pAWRC.1-RTF and pAWRC.1-RTR primers (Table S5) . Tubulin with an intron was used as an internal control and was amplified using the Tubulin-F and Tubulin-R primers (Table S5 ). The RT-PCR reaction was performed in 20 ll containing 100 ng of cDNA, primers at a concentration of 0.25 lM each, 1.25 units of Taq DNA polymerase (Tiangen, http://www.tiangen.com/en/) and 0.125 lM dNTPs in the buffer supplied by the manufacturer. PCR was performed for 5 min at 94°C, followed by 30 cycles of 30 sec at 94°C, 30 sec at 55°C and 1 min at 72°C. Figure S1 . PCR detection of rye a CENH3 and b CENH3 genes in 1RS.1BL translocations.The existence of rye aCENH3 and bCENH3 genes was analyzed in different 1RS.1BL translocation lines, including Lovrin13, Zhou8425B and Chuannong17. Chinese Spring was used as a negative control. Rye was used as a positive control. Figure S2 . New 1R translocations derived from pollen irradiation. The upper row shows 1RS whole-arm translocations with hybrid centromeres (the two chromosomes on the left), rye centromeres (the three chromosomes in the middle) and a wheat centromere (the chromosome on the right). The lower row shows 1RS translocations of different chromosome lengths. DNA is counterstained with DAPI. Table S1 . Centromere structures and pedigrees of 1RS.1BL varieties. Table S2 . Different types of centromere structures of new 1R translocations derived from 1R pollen irradiation. Table S3 . Distribution of 1RS translocations on wheat chromosomes. Table S4 . Distribution of 1RL translocations on wheat chromosomes. Table S5 . Primers used in this study.
